Abstract
INTRODUCTION
Anorexia nervosa (AN) is a serious illness and has the highest standardized mortality ratio of all psychiatric disorders [1] . According to the DSM-5 criteria, a person in the sick state is underweight for their for age and height, fears gaining weight or becoming fat, and persists in behaviours to avoid weight gain, and weight/ shape overvaluation or body image disturbance [2] . In young people it is the third commonest chronic illness and has a mortality rate 12 times higher than the death rate from all causes in young women [3] . In addition to acute effects of self-starvation there may be severe long term medical and psychological sequalae [4] . AN is multidetermined, and as well as psychological and environmental aetiologies, there is increasing evidence for biological underpinnings of its pathophysiology [5] . These include genetic, neuroendocrinologic and metabolic pathways. Furthermore, studies of the brain structure in this mental disorder have identified structural abnormalities. Severely underweight individuals with AN have altered brain function that is considered more profound than found in any other psychiatric disorder [6] . First computed tomography and then functional magnetic resonance imaging and other neuroimaging techniques have been used to study brain alterations in AN [7] . (FMRI measures the brain activity by detecting associated changes in blood flow, on the premise that cerebral blood flow reflects neuronal activation [8] ). The mechanisms addressing brain alterations remains unclear, but changes in brain grey matter (GM) and white matter (WM) might underlie altered brain function and behaviour [9] . Both fibres are part of the central nervous system (CNS) which co-ordinates basic activities of the human body. The GM is related to processing and cognition whilst the WM coordinates different brain regions. The first studies found differences in the GM of AN compared to healthy people and other eating disorders. However, the peculiar architecture of WM and the limited availability of imaging methods to study the WM delayed its investigation. Now, new advances in imaging procedures such as diffusion tensor imaging (DTI) allow the study of the structure of WM and its implication in the pathology of AN.
Volumetric brain imaging studies have been used to study GM and WM volume abnormalities in underweight adolescent and adult people with AN [10] . Several have reported loss of global and regional GM and often WM volume. After 2 or 3 d of dehydration these volumes are significantly lower, whereas hyperhydration is associated with higher GM and WM volumes [11] . Functionally connected brain regions utilising WM axons are considered to modulate higher order human behaviours, cognitions and emotions [12] . Investigating WM functionality thus may elucidate the cortical networks and circuitries that underpin the clinical features of AN. Kazlouski et al [13] (2011), were the first to use DTI to identify microstructural WM alterations in adults with AN. They found decreased fractional anisotropy (FA) in the cingulum, fronto-occipital and fimbria-fornix WM tracts.
The normal maturation and reorganization of WM during adolescence and young adult years is thought likely to be disturbed and explain in part the onset of AN [14] . WM fibres such injured WM fibres may not recover in those with enduring illness and years of starvation [15] . Simultaneously, other studies associate nutritional status with quickly occurring GM and WM changes [11] . A variety of studies have previously used the DTI technology showing reduced FA in a multitude of regions across mood, psychotic, anxiety and substance use psychiatric disorders [16] . In AN, the limited research has just began to identify functionally related brain areas structures [13] . Therefore, added to the difficulty to identify AN prior to illness onset, it remains unclear if the structural brain abnormalities are a prerequisite or Martin Monzon B et al . White matter alterations in anorexia nervosa consequence of the development of AN [5] .
Rationale for the current review
Findings are very heterogeneous with respect to WM abnormalities regarding to brain region and behaviourrelationship. Hence, the aim of the current systematic review is to critically examine and synthesise the existing research that has investigated WM microstructural alterations in individuals with AN using DTI. Specifically, the functions of implicated brain areas and relationships with psychopathological measures, and implications for understanding the pathophysiology of AN will be described.
MATERIALS AND METHODS

Search strategy
The search strategy was designed to identify all studies of subjects with eating disorders in which microstructure of brain WM brain fibres was analysed through DTI. The literature search was conducted in November 17 th 2014 in SCOPUS and Pubmed electronic databases. The following search terms were used: "DTI" AND ("AN" OR "eating disorders"). All fields were included in order to expand the quest. Trials were incorporated if they were published in English and peer-reviewed.
Secondly, we included an additional search in the Spanish language. In December 17 th 2014, we introduced the following terms on Lilacs and CSIC electronic databases: "imagen de tensor de difusión" Y ("anorexia nerviosa" O "trastornos de alimentación"). The findings were non-existent in in both of these databases. In order to update the search, on April 28 th 2015
we conducted a third data search on SCOPUS, PubMed, Lilacs and CSIC electronic databases. We used the terms previously described. A total of 26 papers were retrieved, from which 8 duplicates were removed. The studies were screened to determine the suitability according to this review by two authors independently. Data extraction and quality assessment were done by Beatriz Martin Monzon, checked for agreement by Nasim Foroughi and disagreements were reviewed by Phillipa Hay. According to the inclusion criteria, 7 papers were excluded based on the abstract, leaving a total of 6 articles for full review. A detailed map of the search strategy stage is shown in Figure 1 .
Selection of the studies
In order to prevent selection bias, the following inclusion criteria were decided on prior to the review. The studies should be: (1) published in a peer-reviewed journal; (2) available either in English or Spanish; (3) participants were over 14 years of age and under 65 years of age; (4) the experimental group should be composed of participants who met the diagnostic criteria for current or lifetime AN according to DSM-5 or DSM-IV criteria; (5) the control group should be composed of healthy participants; and (6) correlates of brain WM fibre were assessed using DTI measures.
Papers were excluded if they were dissertations, review articles or abstracts. No restrictions were placed on year of publication, gender of participants and body mass index (BMI).
Quality assessment
This systematic review was conducted according to the Preferred Reporting Items for Systematic Reviews and Meta-analyses guidelines [17] . The final retrieved articles were assessed using the 
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All 6 papers used a cross-sectional design. Three studies used a Tesla scanner, 2 a Signa scanner and one a Siemens model scanner for the diffusion tensor templates. Five papers used self-report questionnaires to assess psychopathological characteristics and one did not report use of assessment instruments. Table 3 presents the main outcomes of each study and author's interpretation of the findings. Following the DTI procedures, the brain areas selected by the authors as possibly shown abnormalities are the fornix (and its connection to the fimbria tract), the cingulum, the thalamus (several nuclei), the superior longitudinal fasciculus, the corona radiata, the cerebellum and the fronto-occipital fibre tracts. Their main functions are emotion processing, body perception, reward processing, anxiety and cognitive style.
Quality assessment
Overall, the studies met most of the quality criteria considered for this review (Table 4) . A maximum score of 8 points based in a yes/no/partially scale response was developed to grade quality. The score range was from 4 to 7 points, with mean of 5.75 and SD of 1.57.
Specifically, all the papers described the hypothesis or main study objective. The main outcomes to be investigated were clearly described in the Introduction Quality Index from Downs and Black [18] . The "checklist for measuring study quality" is a tool for assessing the quality of randomised and non-randomised trials, which provides a profile of their methodological strengths and weaknesses. It has reported high internal (KR-20: 0.89) and external consistency (KR-20: 0.54), tested using the Kuder-Richardson formula 20 [19] .
RESULTS
Description of studies
The 6 studies selected are indicative of the advances in the DTI technique for investigating WM fibre in AN patients. Table 1 presents the main characteristics of the included studies and Table 2 the characteristics of their participant samples. Three of the studies were nested in United States, one in Japan, one in Germany and another in Spain.
All the studies included a group of AN people and a control or healthy group. From this total, 2 studies also included recovered AN women as one of the groups of participants investigated. As inclusion criteria, it was mandatory to be diagnosed as AN according to the DSM-IV criteria and that the BMI was measured. All of them were comprised of women with mean ages ranging from 14 to 29 years old. [49] Current AN restricting and purging subtype
AN
Analysis of GM and WM in a sample of adolescents in comparison to adults Signa 3T Scanner, axial, 3-dimensional, T-1 weighted magnetization-prepared rapid acquisition gradient echo C-DISC EDI-3 TCI STAI CDI SPSRQ 9 point Likert scale sweetnesspleasantness of 1 molar sucrose Nagahara et al [7] Current AN, NS subtype or Method section. The participant characteristics were clearly described, often being displayed in a chart or table. The intervention of interest wasn't applicable to the present systematic review, since none of the retrieved studies developed an interventional design. The main weakness of the studies was the description of the confounders' distribution. This was clearly described in one, partially in two and not provided in three studies. Adjustment for confounding was reported in three studies only. Also, most studies did not include another mental health disorder such as depression in participants in a control group. This was clearly described in one study, partially in two studies and not provided in three studies. The main study findings were clearly described in all the papers. All but one study, which didn't provide enough information, selected appropriate statistical tests for each research study measurement.
Measures used
DTI measures reported in the six included papers:
Water diffusion direction along the WM tracts was measured with FA and MD was used as an indicator of white matter integrity, a scalar measure reflecting the magnitude of diffusion. Mean diffusivity (MD) or in other term apparent diffusion coefficient provides information about the average diffusion-freedom water molecules have in the brain tissue, and correlates with local cell breakdown [20] [21] [22] .
Psychopathological measures:
To confirm the diagnoses of AN, five of the 6 collected studies used the Structured Clinical Interview for DSM-IV Axis I Disorders. Specifically, four studies used the clinician version [23] and one of them included the non-patient edition for the sample group [24] and the General Health Questionnaire [25] . One of the studies chose the Computerized Diagnostic Interview for Children [26] and one The MiniInternational Neuropsychiatric Interview [27] . In general, the majority of the studies used the same assessment instruments for general eating disorders symptoms, depression as well as anxiety. [39] Recovered women from restricting type AN typically presented in AN was assessed through the eating disorders inventory-3 [28] in two studies whilst its second version [29] was used in other 2. Three studies complemented it with the temperament and character inventory [30] . Mood was assessed with the beck depression inventory first edition (BDⅠ) [31] and its second edition (BDⅠ-Ⅱ) [32] in two studies. Three studies used the state-trait anxiety inventory [33] to measure anxiety levels. Other questionnaires applied the hamilton rating scale for depression [34] and the hamilton rating scale for anxiety [35, 36] , the children's depression inventory [36] , the revised sensitivity to reward and
Ref. AN subtype Outcomes: DTI measures and areas in AN Author interpretation
Kazlouski et al [13] Current AN restricting and purging subtype FA: Lower in the bilateral fimbria-fornix, frontooccipital and cingulum fiber tracts Anxiety is predicted by the fimbria-fornix FA value. Thus, reduced WM integrity could provide a mechanism for heightened anxiety
Frank et al [49] Current AN restricting and purging subtype FA: Lower in fornix, cingulum and corpus callosum (corona radiata and forceps mayor)
Abnormal fornix integrity could lead to altered feedback between limbic and higher-order brain structures. The corpus callosum could be implicated in taste processing Nagahara et al [7] Current AN, NS subtype FA: Lower value in the left cerebellum WM abnormalities in the fornix and the cerebellum may be neural substrates of the pathophysiology of AN. The fornix is one of the important components of the Papez circuit, which links the limbic system with other brain structures. The correlation of WM alteration with physical severity, including BMI and duration of illness may indicate that WM alteration is more relevant with regard to physical severity rather than psychological severity
MD: Higher value in the fornix
Via et al [53] Current AN restricting subtype FA: Lower in the parietal part of the left SLF and the fornix.
The left SLF seem relevant to body image distortion as well as other cognitive processes like the called weak central coherence. The fornix is a key structure involved in the regulation of body-energy balance and processing of reward responses MD: Higher in the SLF and the fornix. They also reported significantly increased MD in the fornix, accompanied by decreased FA and increased RD and AD Frieling et al [5] Current AN with NS subtype and recovered women from AN FA (AN and recAN): Lower in the posterior thalamic radiation bilaterally (which includes the of optic radiation) and the left mediodorsal thalamus
The posterior thalamic radiation fibres project to areas involved in the processing of the body image, whose alteration could explain the AN body image distortion. The left mediodorsal thalamic nucleus is connected to regions contributing to impairments in cognitive domains, especially set/ shifting ability, executive control, habit learning and reward processing Yau et al [39] Recovered women from restricting type AN
FA (recAN): Insignificant alteration
Lower MD was associated with harm avoidance, suggesting a possible underlying trait associated with AN. Localization of disturbances in frontal-parietal and cingulum WM suggests that these pathways, which are important for cognitive control, may be susceptible to core AN pathology. Malnutrition seems to have potentially lasting effects on WM integrity and degree of recovery MD: Lower in frontal, parietal and cingulum [49] Yes Yes Yes Partially Yes U Yes Yes Nagahara et al [7] Yes Yes Yes No Yes U Yes No Via et al [53] Yes Yes Yes Yes Yes U Yes Yes Frieling et al [5] Yes Yes Yes Yes Yes U Yes Yes Yau et al [39] Yes punishment questionnaire [37] and the multidimensional perfectionism scale [38] . In addition, in one study a molar sucrose and a control solution for sweetness and pleasantness were rated on a 9-point Likert scale.
DISCUSSION
The neurobiology of AN is still poorly understood. This systematic review reports research that investigated WM fibre tracts using advances in DTI procedures. Sample selection criteria, type of scanner and psychopathological measures used, as well as DTI correlates with brain functions connections were documented. Six studies were included and WM fibre changes were found in tracts relevant to emotional brain circuits as well as to neurocognitive brain structures.
Summary of findings
Four of the six included studies performed the WM fibre measurement in patients at the sick state, one included recovered AN patients and another one studied the possible WM alterations in recovered and as well AN acute patients. As a control measure, some studies included the indicator of low BMI in the healthy sample to make the groups comparable. The criteria for recovery differed in the two studies that included such participants. Specifically, in the study of Frieling et al [5] , the participants didn't meet criteria for a diagnosis of AN at the time of inclusion, and had a BMI above 18 km/m 2 . In contrast, Yau et al [39] defined recovery based on symptoms of no food restriction, no compulsive exercise and not engaging in any other ED behaviours as well as sustaining a stable weight (± 3 kg and 90% to 120% of mean body weight) with regular menstrual cycles. Four of the studies found either a low FA value or a high MD correlate in the fornix. This formation is an important WM structure that originates from the hippocampus as the fimbria-fornix tract and projects superioranteriorly toward the midline, forming the body of the fornix [40] . It is a part of the Papez Circuit, an element of the limbic system involved in the regulation of emotions by higher order frontal cortical brain regions. It is linked to the hypothalamus, the amygdala as well as to prefrontal areas like the ventral striatum, the orbitofrontal cortex and the cingulate cortex [41] . The fornix is a key connection involved in the regulation of body-energy balance and processing of reward responses. It has been associated with trait anxiety and harm avoidance and responds to leptin (feeding inhibiting hormone) [42] . The last studies suggest that fornix alterations in AN could be involved in the characteristic of food restriction, disrupted meal patterns, altered food reward processing and difficulties making behaviour changes [43] . Previous studies in rodents have identified those altered patterns [44] . Another well reported brain structure in three of the retrieved studies is the cingulum. It is composed of a WM association fibres bound from the cingulate gyrus to the entorhinal cortex in the brain. It is part of the limbic system which connects frontal lobe regions with posterior structures as the temporal lobe and hippocampus. They comprise a network that integrates the necessary behaviours for executive function and emotion recognition [45] . Alteration in this structure could be related to altered emotion identification and processing in AN, as well as disturbances in cognitive control [46] . At the same time, two studies found reduced FA in fronto-occipital association fibres. These tracts connect frontal with occipital and posterior parietal and temporal lobes. They integrate auditory and visual association cortices and may have a role in the spatial awareness and neglect, as well as emotion recognition and expression [47] . The fronto-occipital WM abnormality could be related to altered body perception shown in AN. It has been associated with abnormal recognition of emotions in others and emotion regulation within themselves [48] . Frieling et al [5] (2012) identified bilateral reductions of FA maps in the posterior thalamic radiation and the left mediodorsal thalamus. Alterations of the posterior thalamic radiations are of special interest because they are connected with the occipital, temporal and parietal lobes which are all involved with the cortical processing of body image perception. In contrast, the left mediodorsal thalamus is linked to brain structures implied in cognitive domains related to the shifting ability, executive control, habit learning and reward processing. Alterations of WM fibre were seen as well in adolescent AN samples. Frank et al [49] (2013) registered a low FA in the corpus callosum. This area facilitates communication between left and right sided brain structures and has been implicated in taste processing. Parent et al [50] (1996) found an alteration in the corona radiate and forceps major, a group of bundles that connect the cerebral cortex with the basal ganglia and spinal cord. Both structures are related to taste, whose significance could be related to altered taste and processing in AN [51] . There are several brain structures that integrate a functional network connecting the prefrontal and parietal areas which may be implicated in the body image distortion found in AN. The superior longitudinal fasciculus is the major association WM tract connecting these regions [52] . Accordingly, Via et al [53] (2014) reported significant FA decreases in the parietal areas of the superior longitudinal fasciculus, which sets the basis for the representation of the body self-image [54] . Proprioception, size and spatial judgment, visual imagery and the integration of visual information are properties of body image. Apart from that, the authors suggested the possible implication of the superior longitudinal fasciculus in other cognitive processes such as the "weak central coherence" reported in people with AN. This cognitive style is characterized by an enhanced attention to local details at the expense of global processing and is found in several disorders [55] . These abnormalities are thought to depend on alterations of long-range connections between prefrontal and parietooccipital areas, which could be also implicated in AN [56] . One of the studies [39] , reported altered WM patterns in parietal areas of AN subjects. The authors found reduced diffusivity in fronto-parietal areas that was associated with cognitive control to be related to increased post-error slowing during response inhibition [57] . These results are consistent with increased cognitive control and error perseveration [58] . Thus, a low FA value may be associated with typical AN traits such as enhanced cognitive control and clinical perfectionism [6] . Moreover, it has been seen that abnormalities in the left cerebellum exist in AN patients. Nagahara et al [7] (2014) found a low FA value in the lateral zone of this structure. It projects to the dentate nucleus which has connections with the ventral anterior nucleus and ventral lateral nucleus of the thalamus. Added to the functions that we have specified previously, the thalamus facilitates coordinated movements and has a direct bidirectional connection with regions involved in the regulation of food intake. Specifically, the connections with several hypothalamic nuclei (the lateral hypothalamic areas, the dorsomedial hypothalamic nucleus and the ventromedial hypothalamic nucleus) could prompt abnormal food intake behaviour in AN [59] . Furthermore, the cerebellum also relates social, empathic and emotional function, including fear response [60] . Altogether, the alterations of these functions may underline the pathophysiology of AN [61] . In sum, the pathophysiology of AN is still unknown but the limbic system is undoubtedly implicated as many of the DTI studies found alterations in this network. The connections with the prefrontal areas might explain the dysfunction which appears in the cognitive style and emotion procession. Two main theories are considered in understanding these neurocognitive mechanisms in AN. The alterations in WM fibre could reflect predisposing personality traits and neurocognitive style. On the other hand, the effects of undernutrition could cause these abnormalities in WM.
Limitations and future research
Assessment instruments varied between the studies based on the analysis method. Most of the studies selected a combined method of assessment including cognitive assessment via questionnaires and MRI scanning for analysis of the WM fibre. Although some of the questionnaires were commonly used in most of the studies, the diverse range of used questionaries is problematic for comparing between studies. There was also diversity in the type of scanner used for imaging, the patient's position in the scanner, and the selected regions of interest.
Previous studies have analysed specified DTI measures, including FA and MD. The axial diffusion coefficient has also been used in some of the previous studies. Future studies should consider investigating the relationship between the DTI measures and indirect measures. The exposed FA and MD are broad measures that could be driven by a number of factors (e.g., axonal ordering, density, degree of myelination). For this reason, axial diffusivity and radial diffusivity (RD) are thought to index more specific aspects of WM pathology, being more sensitive to changes in integrity and myelination, respectively. The combined quantification of direct and indirect measurements is recommended to better characterize any putative changes in WM structure.
All the studies used a cross-sectional design and there is a need for longitudinal studies to examine the WM alterations over time to determine if changes found in the recovered state are a persistent "scare" of illness effects such as starvation, or are innate to the disorder. Furthermore, future research should consider more comprehensive examination of myelination changes in people with AN. Changes in RD have been observed after different periods of cognitive treatment or meditation. This may reflect a brain plastic response that could provide new insights for understanding recovery in AN.
Finally, this review was limited in that only four databases were used and two of which were English language databases. However these two were the most relevant databases to the topic, and one, Scopus, is a composite of papers from many sources including several other databases such as MEDLINE and EMBASE. Insufficient funding for translations also precluded sourcing literature published in languages excepting those which the authors were fluent in.
In conclusion, the results of our review suggest that WM changes exist in brain fibres of people with AN. The research also showed that the changes appear in the brain during the sickness stage and the recovery stage in patients with AN. The main brain alterations seem to involve tracts of the limbic system, as the fornix. A prompt treatment plan for the sickness and recovery stages seems crucial for minimising the progression of brain impairments. However, there were few studies and problems of inconsistent assessment methodologies and a need for replication of findings and longitudinal study design.
COMMENTS
Background
There is evidence for biological underpinnings in anorexia nervosa (AN) that argue in favour of structural brain abnormalities. Previous research performed with Voxel Based Morphometry has found reduced grey matter (GM) volumes in people with AN compared to healthy controls. White matter (WM) is the second major component of the central nervous system (CNS) and it coordinates communication between different brain regions.
Research frontiers
Very little research has been performed on WM in AN participants due to limited technologies able to investigate its particular structure. New advances with diffusion tensor imaging (DTI) however have identified alterations in several areas of the brain WM providing new insights into the structure and related
